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We consider the problem of subwavelength imaging via a slab of a left handed media (LHM) in
the presence of material losses. We derive the expression for the resolution limit of LHM-based lens
and demonstrate that the area of its subwavelength performance is usually limited to the near-field
zone.
PACS numbers: 41.20;42.30;78.20
The materials with simultaneously negative dielectric
permittivity and magnetic permeability, also known as
left-handed media (LHM) [1], have recently attracted un-
precedented attention [2, 3, 4, 5, 6, 7, 8] due to their sur-
prising and often counterintuitive electromagnetic prop-
erties. These include reversed Snell’s law, Doppler Ef-
fect, Cherenkov radiation [1], and unusual nonlinearities
[9]. One of the main applications of LHM is the so-
called superlens, when a parallel slab of the material with
ǫ = µ = −1 serves as a “focus-free” lens with perfect res-
olution in the far field [2]. Although the implementation
of such a device may potentially lead to a tremendous ad-
vance in imaging, sensing, fabrication, communications,
and related areas, the underlying physics has initiated a
lot of controversy[10, 11, 12].
In the present letter we show that the resolution of
the LHM-based lens is strongly suppressed even for a
small absorption, inevitable in all modern resonance-
based LHM designs [3, 5, 13, 14]. We demonstrate that
although the near-field performance of the “super-lens”
is encouraging, the far-field subwavelength resolution is
practically unachievable using current techniques. We
develop the analytical theory connecting the focal dis-
tance of LHM-based lens and its resolution, and solve
the above-mentioned controversy.
The fundamental difference between the conventional
and LHM-based imaging is clearly seen when the motion
of a wavepacket through the imaging system is considered
in the wavevector space. As a light pulse, represented by
a series of different plane waves with the same frequency
ω, but different components of the wave vector kz and kx
(related through a dispersion relation k2z+k
2
x =
ω2
c2
= k2),
propagates away from the source, it is subjected to phase
and magnitude distortions. The former arise from the
phase difference between components with |kx| < k prop-
agating in different directions; the latter correspond to
an exponential decay of so-called evanescent components
with |kx| > k, carrying the information about subwave-
length features of the source. Conventional optics is only
able to correct the “phase” distortions, while the restora-
tion of (already lost) evanescent part of the spectrum is
beyond its capabilities. On the contrary, the ideal LHM-
based lens represented by a parallel slab of a material with
both dielectric permittivity and magnetic permeability
FIG. 1: LHM-based imaging geometry. The source of the
radiation is positioned at the origin of the coordinate system.
The arrows correspond to object-to-image ray paths.
equal exactly to −1, can in principle not only compensate
for the phase difference, but also amplify the evanescent
fields, leading to a complete restoration of the image [2].
For simplicity, in this letter we restrict our analysis to
imaging of a point slot by a monochromatic wave through
the slab of transparent (left-handed) media. We select
the y axis of our coordinate system to coincide with the
source, and the z-axis in the direction of wave propaga-
tion. The slab of LHM is positioned between the points
z = f and z = 3f parallel to the xy plane. The imaging
wave has frequency ω and is polarized with either E||y
or H ||y (see Fig. 1). The generalization of our approach
to different geometries is straightforward.
Transmission of an individual (plane wave) component
of a light pulse by a parallel slab can be expressed using
its dielectric permittivity ǫ and magnetic permeability
µ via a direct solution of Maxwell equations with cor-
responding boundary conditions. For our geometry (see
Fig. 1) we obtain the following transmission coefficients
tE and tH for the waves polarized E||y and H ||y respec-
tively:
t{E,H} =
eikxx+ikz(z−2f)
κ2
z
+{µ,ǫ}2k2
z
2i{µ,ǫ}kzκz
sin(2fκz) + cos(2fκz)
(1)
where kz =
√
k2 − k2x, and κz =
√
k2 − ǫµk2x
As it can be explicitly verified, in the ideal case ǫ =
µ = −1 the magnitude of each wave component at z = 4f
coincides with its magnitude at the origin (z = 0) inde-
pendently of kx. Thus, in agreement with the original
proposal by J. Pendry[2] the LHM-based lens may in
2FIG. 2: “Focus-to-focus” transmission coefficient of LHM-
based lens for E||y, f = λ as a function of kx and absorp-
tion. Symbols correspond to exact result [Eq. (1)] (real part
of transmission shown), lines represent the low-loss approx-
imation [Eq. (2)]; (a) ǫ = µ = −1 + 10−3i (diamond,red),
ǫ = µ = −1 + 10−5i (circle,cyan); ǫ = µ = −1 + 10−6i
(star,black). Inset illustrates the near-rectangular shape of
the transmitted spectrum of a point source due to exponential
suppression of high-|kx| (evanescent) spectral components.
(b) The suppression of evanescent components due to “pure
electric” losses is usually comparable to the one due to “pure
magnetic” absorption. ǫ = µ = −1 + 10−3i (diamond, red),
ǫ = −1, µ = −1 + 10−3i (triangle, green), ǫ = −1 + 10−3i,
µ = −1 (square, blue)
principle lead to the recovery of the evanescent compo-
nents and restore the complete information about the
object, in contrast to conventional (phase) optics. It has
been recently shown that in lossless media any deviation
of ǫ from −1 strongly suppresses the super-resolution
[15]. However, as we stress here, the lossless media it-
self represents the ideal case, which can never be real-
ized, especially in the modern resonant-based LHM de-
signs [3, 5, 14]. The presence of any non-zero absorption
(described by positive imaginary parts of dielectric per-
mittivity ǫ′′ and magnetic permeability µ′′) leads to a
strong suppression of transmitted waves with large |kx|
(see Fig. 2). In the limit of small absorption (ǫ′′, µ′′ ≪ 1),
this suppression is exponential and can be adequately de-
scribed by the following relation:
t{E,H} =
1
1 + exp(4fkχ)
[
{ǫ,µ}′′+(1+2χ2){µ,ǫ}′′
4χ2
]2 , (2)
where χ =
√
k2
x
k2
− 1. The excellent accuracy of this ex-
FIG. 3: The maximum focus distance of “super-lens” as a
function of a desired resolution for the case of imaging of
a point slot with electric field E||y (see Fig. 1); ǫ = µ =
−1 + 10−3i (diamond, red), ǫ = −1, µ = −1 + 10−3i (tri-
angle, green), ǫ = −1 + 10−3i, µ = −1 (square, blue),
ǫ = µ = −1+10−6i (star,black); symbols represent the results
of exact numerical simulations, lines correspond to Eq. (4).
Black points correspond to near-field imaging with conven-
tional lens (reported for comparison). Inset shows the calcu-
lated intensity distribution at the focal point along x coordi-
nate, used to determine the resolution ∆.
pression is illustrated in Fig. 2, where we compare the
transmission coefficient calculated using Eqs. (1) and (2)
for different losses.
The suppression of the high-wavevector components
limits the resolution of the LHM imaging system since
the spatial size of the image ∆ and the spectral width of
the corresponding wave packet δ [16] are related through
the “uncertainty principle”
∆ · δ = 4πξ, (3)
where ξ is a geometrical factor which (although de-
pends on the image and spectrum shapes) approaches
the universal limit when the object size becomes much
smaller than the corresponding wavelength. The trans-
mitted spectrum in this case has almost-rectangular
shape due to exponential suppression of high-kx compo-
nents (Fig. 2 (a), inset). Correspondingly, the geometric
factor is obtained from the relation sinc(πξ) = 1/2, which
yields ξ ≈ 0.6.
The strong dependence of the wavevector cut-off (and
the resulting resolution) on the “focal distance” f [see
Eq. (2)] effectively introduces the maximal focal distance
allowed to achieve a specific detail level via LHM-based
lens. Since, as it is shown below, such maximal sepa-
ration between the subwavelength object and LHM-lens
3is typically smaller than the wavelength, the resolution
limit of LHM-based optics is somewhat similar to the
near-field resolution limit of “phase” optics.
Specifically, substituting the cut-off values of t{E,H} =
1/2 and kx = δ/2 = 2πξ/∆ [see Eq. (3), inset in Fig. 2(a),
and Ref. 16] in Eq. (2), we obtain the following relation
between the focal distance of LHM-based lens f and its
spatial resolution ∆:
f{E,H} = ∆
ln
[
4
(
ξ2 λ
2
∆2
−1
)
{ǫ,µ}′′+
(
2ξ2 λ
2
∆2
−1
)
{µ,ǫ}′′
]
4π
√
ξ2 − ∆
2
λ2
(4)
In Fig. 3 we compare the resolution obtained from
Eq. (4) to the one obtained using exact numerical sim-
ulations of LHM-lens imaging of a point slot source.
We demonstrate that our analytical result is in excellent
agreement with exact computer simulations. Eq. (4) is
also consistent with the analysis of pure magnetic losses
[21] (note that the actual resolution limit asymmetri-
cally depends on electric and magnetic parts of absorp-
tion), numerous numerical simulations of LHM imaging
[17, 18, 19, 20], and some recent near-field experiments
[18, 22, 23].
We also compare LHM-lens resolution with numeri-
cally simulated resolution of an ideal “phase” optical
system. It is clearly seen that while in the near field
LHM-based lens may outperform its “phase” analog (see
Fig.3), the logarithmic dependence of f on losses suggests
that it is practically impossible to fabricate the long-
awaited “super-lens” with deep-subwavelength resolution
and large (as compared to wavelength) focus distance.
The developed approach is easily generalized for the
case of imaging with cylindrical [24] and other types of
left-handed lenses, yielding qualitatively similar limiting
expressions.
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